I'm going to begin tonight's talk with a bit of prognostication, but, before I do, I would like to excuse any errors I might make by recalling some past predictions that have turned out to be somewhat off the mark. For example, in 1926, Lee De Forest, the man who invented the cathode ray tube, said, "While theoretically television might be feasible, commercially and financially I consider it an impossibility, a development of which we need waste little time dreaming." In 1943, Thomas J. Watson, then chairman of the board of IBM, said, "I think there is a world market for about five computers."
In 1945, Admiral William Leahy told President Truman about the atomic bomb, "This is the biggest fool thing we've ever done-the bomb will never go offand I speak as an expert on explosives."
A recording company that turned down the Beatles in 1962 said, "We don't think they will do anything in their market. Guitar groups are on their way out."
And in 1968, about twenty-five years ago, Business Week wrote, "With over fifteen types of foreign cars already on sale here, the Japanese auto industry isn't likely to carve out a big share of the market for itself."
With that said, I want to begin tonight's talk with some predictions in my own field of expertise and ask you to imagine with me the life of an academic scientist in the third decade of the twenty-first century. The day for Dr. Rosa Garcia begins at home, as she and her husband Frank prepare breakfast for their two children. In the year 2025, many homes have telecommuting offices where people work when they don't go to their job sites, so, after breakfast, Dr. Garcia goes to the home office that she shares with her husband and checks on the results of an experiment that has been running overnight. She is one of a halfdozen young scientists from a variety of disciplines who are collaborating on an investigation of biological computers-cells grown in culture to handle dataprocessing tasks-but she has never seen the apparatus used for the experiment. The data are processed at the site of the experiment, hundreds of miles away, and travel over fiber-optic cables to her home, where Dr. Garcia can not only review the data but control the operations of the experimental apparatus.
Today the demands of the experiment are relatively light. All she has to do is summarize the overnight results for her collaborators and make some minor adjustments for the following night's run.
Next she checks her video mailbox, where she finds several messages from students and from a collaborator in Europe. She sends one student the text of an article stored in the archives of the university's library. For the collaborator in Europe, she quickly draws on the computer's sketch pad an alternative way of handling a tricky illustration for an upcoming article. Once the sketch is drawn, she uses a graphics package to model several alternative presentations and appends a written list of the objectives the illustration should achieve. When she hits the "send" button, her sketch and accompanying text is printed out in her collaborator's office. Then, at 9:00, it's off to the university, with a stop at the campus' day care center to drop off the youngest child.
Dr. Garcia is an assistant professor at the university, where she has been for nearly six years, and she is approaching a major milestone in her career. The twentieth-century institution of tenure still exists, but it has undergone some modifications in the last three decades. Tenure decisions are now based on an agreedupon portfolio of a professor's work-research, teaching, and service. However, there are several kinds of tenure-track contracts. Some lead into a career in which traditional research and graduate training are emphasized. Others lead into positions that emphasize undergraduate teaching, with a scholarly focus on curriculum development and cognitive research. Later in some careers, the emphasis includes institutional leadership and administrative roles. All of these positions are rewarded equally at the university, with faculty choosing among them based on personal interests and skills and departments selecting faculty at least in part as a consequence of the departments' collective needs and responsibilities.
Dr. Garcia is pursuing the research-intensive tenure track, but today she is preparing her instructional portfolio for the tenure committee. At her university office, she selects excerpts from a recent set of video lectures she has made, she includes a summary of the most recent student evaluations of her teaching, and she throws in some video clips from a television show in which her research was featured. Because many of her graduate students are located around the world and many of her undergraduates no longer come to the university for many of their classes, much of Dr. Garcia's teaching is in electronic form, so she spends much of the morning culling through film clips and computerized graphics and text to select her best work.
It is highly likely that Dr. Garcia will be granted tenure, since her work and collaborations have gone extremely well. At ing from research at the university level and the lessening of personal contact between teachers and students and among collaborators raise serious questions about how to ensure that professors stay at the forefront of scholarly inquiry and about how to maintain a sense of institutional loyalty.
Still, I have sketched out this scenario to demonstrate two fundamental ways in which the scientific life is changing. The first has to do with the flow of information within science and between science and the broader society. The second has to do with the structure of the scientific community itself. These two issues will occupy much of my talk this evening.
THE DAWN OF THE MEMEX
In 1945, as his wartime responsibilities as head of the Office of Scientific Research and Development were winding down, Vannevar Bush published a remarkable article in the Atlantic Monthly. In it, he predicted the eventual development of something that he termed a "memex." The memex, as Bush described it, was an electronic device that could sit on a person's desk and provide that person with essentially any information available anywhere in the world. Such a device, Bush predicted, would change the way society works by allowing individuals to combine information in ways that were inconceivable before.
I think it's highly appropriate that as we approach the fiftieth anniversary of Bush's report, "Science, The Endless Frontier," we are increasingly surrounded by what he would clearly have recognized as his memexes. Outside the main reading room of this great library are a dozen or so computers that essentially function as memexes for the field of medicine. Furthermore, the databases provided by those computers can now be accessed by anyone anywhere with a computer, a modem, and a phone line, as can databases on almost any other subject imaginable. It is this remarkable capability that has come to symbolize, more than anything else, the dawn of the information age.
The evolution of electronic networks and databases has already had a profound effect on the practice of science. For the past three centuries, the recognition associated with publishing original research results in scholarly journals has been a major motivating This is very much a revolution that will be driven by the young. We now have a generation of children growing up that has been referred to as "the Nintendo generation." From the earliest ages, they have been surrounded by digital technologies. They listen to music on digital compact discs, they play computer games at home, they surf the Internet at school-or at least at those schools advanced enough to be connected to the Internet. This is the plugged-in generation, and they are going to make a tremendous difference to the future of this country. Now, I don't profess to be an expert on these matters. But we do have a number of experts on highperformance computing and communications with the Office of Science and Technology Policy, and they are deeply involved in leading the administration's efforts in this area. The president's fiscal year 1995 budget proposes spending over a billion dollars on high-performance computing and communicationsa program that is being led, incidentally, by Donald Lindberg here at the National Library of Medicine. Legislation is now pending that would revise telecommunications regulations to catalyze the development of the National Information Infrastructure. And significantly more government information is now being made available on the Internet and through other electronic networks.
Within the administration, we see information technology as an incredibly powerful tool for economic and social change. It offers the potential to increase economic productivity in the same way that the interstate freeway system did. It can revolutionize education by bringing the best instructors electronically to any location and by giving students more control over their own learning. It can contribute to urban and rural development, increase the citizen's role in democratic decision making, enable people to telecommute rather than drive to work. I really think it's safe to say that the development of information technology could have as dramatic an influence on society as the development of the steam engine did in the nineteenth century.
As I've mentioned, the change will be equally dramatic within science. But, in the case of science, this change will be superimposed on a number of other changes that are currently underway. Science-and the universities in which much basic science is conducted-is now in the midst of a major transition, from a period of virtually uninterrupted growth to an era of greatly constrained resources. This transition presents its own unique opportunities, as I'll describe in a moment. But it also carries some very real dangers, of which we must all be aware.
SCIENCE IN A STEADY STATE
As you know, higher education has been much in the news recently. However, many of our institutions are not being featured for the discoveries of their talented faculties, for the excellent programs offered to their students, or for successes in multidisciplinary efforts. Instead, the public seems eager to hear about misuse, abuse, or seeming arcane accounting procedures that appear to stymie rather than encourage the educational process.
What has brought our institutions of higher learning to such a low point? Have they in fact become corrupt, as happened with savings-and-loans? Or is it because the expectations of what a college or university is responsible for have expanded to the point where they inevitably fail in enough arenas so that many of their constituencies draw back from their commitments?
In the prologue of his 1971 book, The University in Transition, Clark Kerr noted three major periods in higher education that were followed by difficult transformations. The first period was the one in which many of today's leading private colleges were founded. It was characterized by a Christian heritage, moral education, strong presidents, and stronger boards. It was also a period when higher education was reserved for an elite group of male citizens.
The second period was after the Civil War. The years 1870 to 1910 marked the entry of science-based over religious-based education, the introduction of the so-called "German model," the rise of faculty governance, the introduction of the Ph.D., the advancement of academic freedom, the creation of departments, and the beginning of the land-grant movement. This period was marked by almost loga-rithmic growth in enrollments, from 50,000 in 1870 to 350,000 in 1910. This was also the period in which many of the historically black, female, and Catholic colleges and universities were founded.
Although the growth of universities during the second educational transformation was remarkable, it did not compare to the explosion in access to education that marked the post-World War II era. Between 1960 and 1990 the higher education system went from 3.5 million students to 14 million students. Teachers' colleges became comprehensive universities, community-college enrollment grew dramatically, and faculty numbers tripled. One third of the faculty unionized, and many were hired to teach parttime. Other changes have included increased participation in federal research by more institutions and a huge increase in available student aid.
This third transformation completed the move in the United States from the early conception of education as a privilege of a few "special" groups to a right for the vast majority. This led to the political position in many states of the expressed intent to provide "universal access." I'm most familiar with California, since that's where I'm from. So let me talk for a moment about some very interesting projections that the RAND Institute on Education and Training has made regarding higher education in California.
The first element of the RAND analysis regards demographics. According to projections, the graduating high-school class in California is going to increase from about 300,000 today to almost 500,000 by the year 2010. Furthermore, RAND predicts that the number of nonwhites aged twenty to twenty-four is going to grow by about 50% over this period, so that by the year 2010, nonwhites will make up nearly two thirds of this age group in California.
Over time, more and more members of these minority groups are going to seek to participate in higher education. This mirrors a trend occurring nationwide. In 1965, minority students represented just 6% of enrollments in higher education. By the year 2000, the percentage is projected to be 26%, and it will rise higher in the twenty-first century.
These demographic changes will result in a skyrocketing demand for higher education in California. The question then becomes whether California will have the resources to partly subsidize higher education for a large percentage of this group as it does today for students in the California university system. RAND's projections reveal a severe squeeze on finances. Tuitions have been rising so quickly that a public backlash has been developing. And, as corrections, health, welfare, and K-12 education take up a larger proportion of the California state budget, RAND projects almost zero growth in state support for higher education.
This mismatch between needs and resources is part of what I would characterize-extending Kerr's analysis-as the transition to a fourth major period in higher education. This transition has been characterized by increased public scrutiny, increased political intervention, requirements for accountability, and a renewal of the ever-present debates about the nature of the curriculum. If the previous decades were characterized by growth, this period is characterized by stabilization, politicization, diversification, and the potential for significant downsizing. Furthermore, this downsizing, if it proceeds on the trajectory it has begun, will leave today's generation of young people unable at a reasonable cost to obtain the education that their parents have received.
In a book released just a few months ago entitled Prometheus Bound: Science in a Dynamic Steady State, the British scientist and writer John Ziman presents a very compelling analysis of this transformation. Ziman views it as the transition from a state of steady growth in science-a state that had characterized science for over three centuries-to a steady state of constrained resources and much tighter management. The effects on science and on universities, Ziman predicts, are going to be pervasive and fundamental. He writes that we are witnessing "a radical, irreversible, world-wide transformation in the way that science is organized and performed."
The constraints on resources are not hard to identify, even outside the laboratories of university scientists who are finding it increasingly difficult to secure grant support. Consider the budget the administration proposed this year. President Clinton and Vice President Gore believe very strongly in the promise of science and technology as investments in our national future. The budget this year proposes increases in both basic research and in universitybased research that are above the rate of inflation. The obvious need is for universities to move toward different models of graduate training. These models will continue to emphasize research, because the critical element of graduate education is establishing independent ideas and then being able to defend those ideas. The ability to pose a question, to test a hypothesis, and to solve a vexing problem will continue to be a necessary prerequisite for a graduate degree.
But graduate training is going to have to encompass other careers besides that of academic research scientist. At the annual meeting of the National Academy of Sciences this year, Bruce Alberts showed a slide that captures this conception of advanced training in the sciences. It shows a career as academic research scientist as one possible outcome of graduate training. But it also shows such careers as policy maker, precollege teacher, science journalist, or lawyer. Certainly a grounding in the sciences is superb training for any of these professions.
Perhaps the most important mistake made in articulating the importance of graduate education was to tie it so tightly to the research enterprise. In fact, the foremost value of graduate education lies in the essential role it plays sustaining our institutions and, particularly, our academic institutions. The products of our graduate schools become the next generation of college faculty and administrators, industrial scientists and executives, government officials, and, perhaps most important, precollege teachers. Graduate training prepares individuals for a lifetime of learning, and, in doing so, it establishes education as a cornerstone of what our society values most highly.
By tying graduate education predominantly to research and minimizing its place in the continuum of education and lifelong learning, we have created a mystique that has resulted in an interesting and threatening paradox. In a technological age when our country needs education beyond the baccalaureate in almost all fields of endeavor, many citizens, legislators, and even university trustees now believe that graduate education is a luxury, not a necessity.
The reformulation of graduate education must have its counterpart in the undergraduate years and earlier. Universities have traditionally been accused of being "ivory towers," bastions of intellectual inquiry isolated from the real world. My son once put it this way: "For folks who are so smart, you sure don't have much walking around sense."
The problem is that undergraduates are seldom exposed to the real-world connections of learning, as embodied, for example, by the underlying links between different fields of study. Some do succeed in the process of integrating the material themselves. But, for many others, their education is a stream of seemingly unconnected courses, particularly in the general-education component.
In First and foremost, I want to argue that we must adhere to the following philosophy. We must remember that the main mission of a university is education. However, we must articulate and rearticulate that the foundation of good education is knowledge, derived from research inquiry and discovery. Our universities are the places in which such discovery and research occur in the purest form. They must not be allowed to falter at this critical time in our history.
PERILS AND POTENTIAL
If it is true, as I have argued, that science is now in the midst of a transition to a relatively steady state, then this is a particularly perilous time for the scientific enterprise. It must adjust to radically new conditions with only a limited understanding of the change it is undergoing. As Ziman writes in his book, What all scientists know is that science cannot thrive without social space for personal initiative and creativity, time for ideas to grow to maturity, openness to debate and criticism, hospitality towards innovation, and respect for specialized expertise. The real question is not whether the structural transition is desirable, or could have been avoided: it is how to reshape the research system to fit a new environment without losing the features that have made it so productive in the past.
It is this last point on which I would like to conclude. How do we maintain the tremendous productivity of the scientific enterprise in the face of such greatly changed conditions?
The most important observation to make is that the transition to a period of restraints on science has been simultaneously accompanied by a tremendous increase in the interconnectedness and underlying unity of the sciences. Think about the problem of understanding the effects of human beings on the environment. The disciplines touching upon the problem are vibrant, full of successes in new discovery and in understanding the subtle and powerful interactions in the natural world around us. Astronomers are bringing new frontiers of remote sensing for monitoring global problems; biologists bring understanding of the functioning of organisms from the molecular level to their interactions in large ecosystems; physicists provide lasers to fingerprint environmental hazards; chemists detect and remove hazardous substances at close to zero level; materials scientists provide new methods for recycling; mathematicians design tools to model complex ecosystem dynamics.
Or consider the developing field of materials science and engineering. Significant new opportunities in health and safety, in security, in agriculture, in energy use, in the environment, in information transmission and processing, in transportation, and in infrastructure will be recognized through fundamental advances in synthesis, processing, and manufacturing of advanced materials. Biomolecular materials created by a merging of materials science, chemistry, physics, mathematics, and biology will produce new composites, electronic and photonic materials, polymers, and other materials for the future.
Applications for advanced materials are almost without limit. They include higher-than-room-tem- Though it is easy to identify such targets of opportunity, it is much harder to discern exactly which discoveries and improvements will make these applications feasible. We can be sure, however, that contributions to the knowledge base must come from all quarters. The interdisciplinary nature of most interesting problems we face has become a very positive force for change within the academy. It is breaking down the barriers between disciplines, so that scientists are talking with each other and working with each other. It has reminded students of the risks in focusing exclusively on a narrow specialty. It is forcing people to be generalists again, to widen their focus beyond parochial concerns.
In the process, it is creating new unity within the sciences, if not across the entire academy. It is helping to create a community of scholars again, people who are comfortable across a broad range of disciplines. Thus, the constraining forces that have caused science to turn in and reexamine itself have paradoxically established the links within science that will tie it even more firmly to the surrounding society.
And 
